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A Consensus Map in Cultivated Hexaploid Oat 
Reveals Conserved Grass Synteny with Substantial 
Subgenome Rearrangement
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Abstract
Hexaploid oat (Avena sativa L., 2n = 6x = 42) is a member 
of the Poaceae family and has a large genome (~12.5 Gb) 
containing 21 chromosome pairs from three ancestral genomes. 
Physical rearrangements among parental genomes have hindered 
the development of linkage maps in this species. The objective 
of this work was to develop a single high-density consensus 
linkage map that is representative of the majority of commonly 
grown oat varieties. Data from a cDNA-derived single-nucleotide 
polymorphism (SNP) array and genotyping-by-sequencing (GBS) 
were collected from the progeny of 12 biparental recombinant 
inbred line populations derived from 19 parents representing oat 
germplasm cultivated primarily in North America. Linkage groups 
from all mapping populations were compared to identify 21 
clusters of conserved collinearity. Linkage groups within each cluster 
were then merged into 21 consensus chromosomes, generating a 
framework consensus map of 7202 markers spanning 2843 cM. 
An additional 9678 markers were placed on this map with a lower 
degree of certainty. Assignment to physical chromosomes with 
high confidence was made for nine chromosomes. Comparison 
of homeologous regions among oat chromosomes and matches 
to orthologous regions of rice (Oryza sativa L.) reveal that the 
hexaploid oat genome has been highly rearranged relative to its 
ancestral diploid genomes as a result of frequent translocations 
among chromosomes. Heterogeneous chromosome rearrangements 
among populations were also evident, probably accounting for 
the failure of some linkage groups to match the consensus. This 
work contributes to a further understanding of the organization and 
evolution of hexaploid grass genomes.
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Table 1. Summary of oat genetic material.
Genetic material Code Pop.Size Reference†





markers¶ Total length (cM) ¶
Kanota × Ogle (F7) KO 52 O’Donoughue et al. (1995) 3727  
(1652/1237/838)
1 43 1914 2774.4
CDC Sol-Fi × HiFi (F7) CH 53 Oliver et al. (2013) 2387 
(1437/950/na)






Hurdal × Z-597 (F6) HZ 53 He et al. (2013) 2933  
(1432/1501/na)






Ogle × TAMO-301 (F6:7) OT 53 Kremer et al. (2001) 6603  
(2014/4063/526)






CDC Boyer × 94197A1–9-2–2-5 (F8) BG 76 Babiker et al. (2015) 1111  
(1111/na/na)






Otana × PI269616 (F6) OP 98 Oliver et al. (2013) 4376  
(1882/2494/na)






Provena × 94197A1–9-2–2-5 (F8) PG 98 Oliver et al. (2013) 3722  
(1480/2242/na)






IL86–1156 × Clintland 64 (F5:8) IL4 112 Foresman (2014) 924  
(924/na/na)






Provena × CDC Boyer (F8) PB 139 Babiker et al. (2015) 874  
(874/na/na)






Dal × Exeter (F5:8) DE 145 Hizbai et al. (2012) 2346  
(935/1411/na)






AC Assiniboia × MN841801 (F7) AM 161 Lin et al. (2014) 1688  
(1196/na/492)






IL86–6404 × Clintland 64 (F5:8) IL5 171 Foresman (2014) 964  
(964/na/na)






Monosomic hybrid lines MHP 51 Oliver et al. (2013) 1932  
(1932/na/na)
na na na na
† First publication using the population.
‡ Number of markers. For mapping populations, markers met the criteria of minor allele frequency  0.3, heterozygosity  0.1, call rate  0.9. For MHP, the number of polymorphic markers with a single-locus 
cluster profile is shown.
§ Number of maps generated and averaged for this population.
¶ Final number of linkage groups (LGs), number of mapped markers, and length of component maps produced for each population. The ranges of numbers from independent mapping replicates before merging are 
shown in parentheses. In some cases, the final numbers fell outside these ranges because of the merging procedure.
# GBS, genotyping-by-sequencing; na; not applicable.



































































































































































































































Construction of Component Linkage Maps  



































































































































































Number of component groups contributing to each consensus group
No.§ AM DE BG HZ IL4 IL5 KO OP OT PB PG SH
Mrg 01†† 143 667 14 (12) 1 1 1 1 2 1 1 2 1 1 1 1
Mrg 02 132 205 4 1 – – – – 1 1 1 – – – –
Mrg 03 168 472 13 (10) 2 1 1 1 – 2 1 1 – 1 2 1
Mrg 04 80 287 8 1 1 – 1 – – – 1 1 1 1 1
Mrg 05 175 428 9 1 – 1 1 1 1 1 1 1 – 1 –
Mrg 06 147 206 6 – – 1 – – – 1 1 1 1 1 –
Mrg 08 195 506 14 (12) 1 1 2 1 1 2 1 1 1 1 1 1
Mrg 09 136 324 11 (10) 1 1 1 1 1 1 – 1 2 1 – 1
Mrg 11 126 337 5 1 – – 1 – – – 1 1 1 – –
Mrg 11v¶ 4 1 – – 1 – – – – 1 – – 1
Mrg 12 119 372 11 (10) 2 – 1 1 1 1 1 1 – 1 1 1
Mrg 13 119 438 7 1 – – 1 – – 1 1 1 1 1 –
Mrg 15 91 234 5 1 – – – – 1 1 1 – 1 – –
Mrg 17 122 482 15 (11) 1 1 1 1 1 2 – 1 1 2 2 2
Mrg 18 90 209 8 1 1 1 – 1 1 – – 1 1 1 –
Mrg 19 92 218 15 (11) 2 1 2 – 1 1 1 1 1 2 1 2
Mrg 20 261 472 14 (10) 2 1 2 1 – 1 1 1 – 1 2 2
Mrg 21 212 457 13 (12) 1 1 1 1 1 1 1 1 1 1 1 2
Mrg 23 111 289 10 1 1 1 1 – – 1 1 1 1 1 1
Mrg 24 95 267 9 (8) – 1 – 1 1 1 – 1 1 1 – 2
Mrg 24v¶ 3 1 – 1 – – 1 – – – – – –
Mrg 28 96 252 6 – 1 – – – 1 – 1 1 1 1 –
Mrg 33 133 146 4 1 – – – – – – 1 1 1 – –
Total 2843 7268 208 (185) 20 13 14 15 10 16 13 20 17 19 15 13
Average# 135 347 9 (8) 1.2 1.0 1.2 1.0 1.1 1.2 1.0 1.1 1.1 1.1 1.2 1.4
† Length after heuristic scaling to match component maps.
‡ Total markers in the merged consensus before ad hoc placement of additional markers.
§ Number of contributing component groups (the number of contributing populations is shown in parentheses if different).
¶ Alternate versions of Groups 11 and 24 containing component groups in which the marker order differed substantially from the major version.
# Total and average length, number of markers, or number of contributing component groups.
†† Mrg, Merge, used to indicate linkage groups that are the consensus of the underlying component maps; other two-letter codes for each population are explained in Table 1.











Fig. 1. Overall representation of the hexaploid oat consensus map based on 12 mapping populations and 19 oat varieties. The vertical 
scale is in cM. The horizontal scale indicates the resulting group assignment. Linkage groups that are the consensus of the underlying 
component maps are designated by Merge (Mrg). Tick marks represent the position of one or more markers; marker density is repre-
sented by a color gradient where red is the highest marker density and blue is the lowest density (see gradient density legend).
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Fig. 2. Merging of component linkage groups into the Merge (Mrg) 01) oat chromosome representation. The vertical units are in cM. 
Vertical bars show regions where a component linkage group that was used in the assembly matched the final merged consensus. 
Numbers underneath the component linkage groups indicate the factor by which each contributing linkage group would need to be 
stretched or compressed to match the corresponding first and last markers on the final merged consensus. Similar diagrams for the 
remaining 20 merged groups are shown in Supplemental Fig S1.
Fig. 3. Collinear matching for 11 of the component chromosome representations (labels on right) from the A. sativa AC Assiniboia × 
MN841801 (AM) population to eight groups (Mrg 01 to Mrg 09) in the final consensus map. Vertical scale is in cM. Red labels indi-
cate markers that mapped to alternate merged assemblies. Dollar symbols ($) indicate that the component group is flipped relative to 
the original component map. Shaded component groups (9, 28a, $14, and 25) did not meet thresholds for inclusion in the primary 
merge but are shown next to the merged consensus with the greatest similarity. Collinear matches for the remaining component groups 
in AM, as well as those from 11 additional contributing maps, are provided in Supplemental Fig. S2.

























Fig. 4. Matrix of monosomic hybrid plant (MHP) identities based on diagnostic markers used for physical chromosome assignments in 
oat. Monosomic hybrid plant lines are identified on the left axis along with their targeted critical chromosome, based on the karyotype 
of the original monosomic stock used as a female parent in production of the hybrid. Karyotype confirmations performed in the MHP 
plants are shown on the right when available. A total of 221 black dots indicate the diagnostic homozygous phenotypes (inferred hemi-
zygotes) of markers that are heterozygous in the remaining MHPs from the same parental series. Regions containing high densities of 
overlapping markers were used in the chromosome assignments shown in Table 3.
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Fig. 5. Karyotyped C-banded cells from monosomic hybrid progeny MHP 34 (A) and MHP 81 (B), confirming the presence of monoso-
mic chromosomes 4C and 8A, respectively. In the case of MHP 34, 4C is the targeted critical chromosome, based on the monosomic 
stock from Avena sativa Sun-II; in MHP 81, the targeted chromosome was 14D from a monosomic stock in Kanota. Magnification is 
1000×.















































Table 3. Current assignment of merged chromosomes to physical chromosomes, previously assigned nomenclature, 
and supporting evidence for revised assignments.
Merged group Assigned† MHP† Oliver 2013‡ KO DArT§ Diploid¶
Mrg 01 5C (conflict) KO_5_30 A
Mrg 02 9D 137, 189 9D KO_17 A
Mrg 03 4C 34, 43 4C, 10D KO_32 C
Mrg 04 18D 226, 227 18D KO_33 A
Mrg 05 16A 119, 210 16A, 1C KO_24_26_34 + 11_41_20_45 A
Mrg 06 14D KO_5_30 + KO_14 A/C
Mrg 08 12D 60, 61 12D KO_2 + KO_47 A/C
Mrg 09 6C 100, 185 6C KO_29_43 + KO_7_10_28 C
Mrg 11 1C KO_21_46_31_40 + 11_41_20_45 C/A
Mrg 12 13A KO_6 A
Mrg 13 20D (conflict) KO_8 C
Mrg 15 2C 97, 99 2C, 10D KO_15 C
Mrg 17 3C KO_36, KO_42 C
Mrg 18 7C-17A KO_1_3_38_X2 C
Mrg 19 21D 131, 181, 182 21D KO_4_12_13 C/A
Mrg 20 19A KO_22_44_18 A
Mrg 21 16A KO_24_26_34 + 11_41_20_45 A/C
Mrg 23 11A 52, 193, 205 11A KO_4_12_13 A
Mrg 24 8A, 14D KO_16_23 A
Mrg 28 7C-17A KO_1_3_38_X2 C
Mrg 33 151, 209 15A KO_7_10_28 + KO_17 A
† Confirmed assignments are based on consistency of hemizygous state in designated monosomic hybrid lines [monosomic hybrid plant (MHP) identifiers]. The karyotype of MHP lines that are underscored were 
reconfirmed directly in the diagnostic hybrid. Other MHP lines were inferred by using the pedigree of the original monosomic parent stock.
‡ Corresponding chromosome in the map of Oliver et al. (2013) based on shared loci. Chromosome names in the 2013 map were based on physical chromosome assignments that may not be correct. Those 
labeled “conflict” show conflicting evidence to the assignment based on matches to diploid genomes. Those underlined are supported by new assignments. The remaining designations are not in dispute but there 
is no longer adequate evidence to make the assignment.
§ Corresponding linkage groups in the Diversity Array Technology (DArT)-based map in Kanota × Ogle (KO (Tinker et al. (2009), based on shared markers.
¶ Predominant diploid genome assignment of markers in the new merged consensus group based on sequence identity to draft shotgun genome sequences. Where assignments are split, the assignment given 
to the longest part of the chromosome is shown first. Assignments to the A genome may also reflect D genome chromosomes. A/C indicates that those merged linkage groups have matches to both the A and C 
diploid genomes and it is unclear which one is the strongest match.






























Fig. 6. Detailed alignment of component linkage groups from oat populations IL86–1156 × Clintland 64 (IL4) (13a and 13b) and AC 
Assiniboia × MN841801 (20a and 20b), which were split before merging because of recombination gaps. Consensus linkage groups 
(left) and component linkage groups (right) were linked where common markers are found. Component linkage groups in white are 
used for consensus merging; component linkage groups in gray did not meet the requirements for merging.
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Fig. 7. Heat map showing alternate marker placements by consensus oat chromosome pairs. Each column represents the chromosome 
of framework map location or primary placement, and each row represents alternate chromosome placements. Numbers in each cell 
represent the number of alternate placements (at 10% recombination) of markers from that column at an average position on the 
chromosome in that row. For example, the average framework marker on primary consensus chromosome representation (Mrg) 01 has 
1.04 markers from Mrg 24 that could alternately be placed at that position, whereas the average framework marker on Mrg 24 has 
2.57 markers from Mrg 01 that could alternately be placed at that position. The average marker on Mrg 01 also has 92.7 other mark-
ers from the same chromosome (which is likely to be adjacent) that could be placed there by the same criteria. These averages are 
calculated from the complete framework matrix shown in Supplementary Table S2, where regional trends in alternate placement can be 
seen. Color intensity is used to highlight higher numbers of alternate placements between chromosomes.















































Fig. 8. Heat map of similarity among oat consensus groups (numbered on axes). Cells above the diagonal show the total number of 
reciprocal BLASTn matches (N) between nonidentical markers on two given consensus groups at a threshold of e  1020. Reciprocals 
of (N + 1), used for distance-based clustering, are shown below the diagonal. The strongest matches, indicating the likely homeology, 
are shown in gradients of red.










































Fig. 9. Clusters of oat consensus chromosomes [Merge (Mrg) 01 through Mrg 33] formed by minimum distance joins using distances 
calculated as (1 + N)–1, where N is the number of reciprocal BLASTn matches at e  1020 between markers mapped or placed on 
alternate chromosome pairs. “Merge” indicates linkage groups that are the consensus of the underlying component maps. Distances 
and corresponding N values are shown at selected joins. Blue shading indicates clusters formed at N  18.















Fig. 10. Circle diagram showing 21 oat consensus chromosomes with cM units. Regions of inferred reciprocal homeology based on 
the chromosome with the greatest number of BLASTn matches (e  1020) are indicated by green ribbons decorating the interior of the 
circle. The choice of dark green (strong match) versus light green (weaker match) was determined subjectively on the basis of the den-
sity of matches in the regions connected by ribbons. The first outer ring indicates regions that predominantly match shotgun sequence 
reads from an A-genome diploid oat (blue) or a C-genome diploid oat (gray). The 12 remaining multicolored outer rings indicate 
inferred regions of greatest orthology to one of the 12 rice chromosomes (Os01 through Os12) based on the highest number of tBLASx 
or BLASTn matches (e  1020) within a sliding 30-cM window. For both the homeology and rice orthology, a second match is shown 
only when the evidence is within 20% of the best match.
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